The fine structure of the mature sporangium of Nowakowskiella profusa Karling (Chytridiales, Phycomycetes) is described. Deductions are made about the dehiscence mechanism and the nature of the zoospore. A striking feature of the zoospore is a conspicuous fibrous body immediately adjacent to the refractive globule. This body possibly represents a primitive photoreceptor organelle.
INTRODUCTION
A previous study on the fine structure of lower fungi (Chytridiales, Phycomycetes) featured Rhizophlyctis rosea, a monocentric species the whole thallus of which is converted into a single sporangium at maturity (Chambers & Willoughby, 1964) . The present paper is concerned with Nowakowskiella profusa, a polycentric species of the same order, the thallus of which takes the form of a rudimentary mycelium with rhizoids bearing a potentially unlimited number of sporangia. In both R. rosea and N. profusa dehiscence of the sporangia results in the release of large posteriorly uniflagellate zoospores.
METHODS
Taxonomic identity of the material studied. According to Sparrow (1960) Nowakowskiella profusa is only doubtfully distinct from N. elegans. However, examination of much material of both species in ecological studies indicates that a true separation can be made. In his original descriptions of N . profusa, Karling (1941, 1944) described exo-operculate material only, but our own observations (Willoughby, 196 1) tend to suggest that the species comprises an overlapping series of morphological forms in which endo-operculate and even inoperculate dehiscences may also occur (see .) The material studied in the present work exhibited dehiscences of the latter two types only. Typical Nowakowskiella zoospores with a laterally orientated nuclear cap and large refractive globule were liberated on dehiscence (Fig. 4) . Zoospores bearing several smaller globules in addition were also observed.
Origin and treatment of the material studied. The material was derived from an uncultivated soil sample from Rutherglen, Victoria, Australia. The sample was flooded with water and baited with small squares of MXXT/S 300 (waterproofed) Cellophane, a good cellulose source for the lower aquatic fungi. After 2 weeks of incubation at 20" numerous young colonies of Nowakowskiella profusa bearing sporangia were present on the Cellophane, particularly along the free edges. Marginal strips of the sub-
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stratum were cut away, checked for the presence of the fungus, washed vigorously in clean water, and fixed in 2% KMnO, at 2" for 25 min. Attempts to f k in various osmium tetroxide solutions were unsuccessful. Dehydration, infiltration with methacrylate and orientation during embedding followed the methods previously described (Chambers & Willoughby, 1964) . Sections were cut with glass knives in a Porter-Blum microtome, stained with uranyl acetate for 90 min. (Gibbons & Grimstone, 1960 ) and examined in a Siemens Elmiskop I at 80 kV. Plate numbers with the figure explanations refer to plates stored in the electron-microscope laboratory, Botany School, University of Melbourne. Rh, rhizoplast; Sg, side granules.
RESULTS
The mature sporangium is divided into zoospore units, the approximate limits of which are readily apparent from the symmetrical groupings of the various organelles present (Pl. 1, fig. 1 ). In a typical median section of a sporangium between 20 and 25 zoospores are seen in various planes of sectioning, implying a total complement of about 40. Zoospores are approximately 3 , u across and their irregularity in outline is Zoosporangium of N. profusa 137 due to their packing within the sporangium. This is in accord with a slightly larger diameter of the zoospores after release from the sporangium, when they are perfectly spherical.
In section the sporangium wall, about 0.35~ wide overall, is composed of three distinct zones (Pl. 2, figs. 2, 3), the most conspicuous being the middle dense one which is about 0.2 , u wide. The outer zone, at least 0.07 ,u wide, is rather diffuse and has the appearance of being easily sloughed off. It may well only represent the zone of partly dissolved cellulose bait. The inner zone is also about 0-07 , u wide. It can be distinguished because there is a distinct layer of spongy material on its inner side. This spongy material, in addition to running beneath the sporangium wall, forms a continuous matrix between the cleaved zoospores and their flagella and extends in considerable quantity into the base of the dehiscence papilla. The particular dehiscence papilla illustrated in section (Pl. 2, fig. 3 ) is of the inoperculate type (see Fig. 3 ). The spongy material at its base is capped by a sharply defined dome of dense granular material. It appears that this effectively plugs the exit pore opening.
Provided the section is in a suitable plane each zoospore unit shows its conspicuous nucleus, bounded by a typical nuclear membrane (Pl. 4, fig. 5 ). Dense irregular masses of granular material are visible within it. Depending on the plane of the section, there is a tendency for the nucleus to have a flattened or even concave face and associated with this is often a very conspicuous clear region which may be up to 1 . 5 ,~ across (Pl. 1, fig. 1 ; PI. 3, fig. 4 ). This is presumed to correspond to the refractive globule of the living zoospore (Fig. 4) . On the side of the clear region furthest from the nucleus there is a striking fibrous structure (PI. 3, fig. 4 ; P1. 4, fig. 5 ). In longitudinal section this structure which we are designating the fibrous body is seen to be made up of a series of cylindrical tubular elements each bounded at one end and on the sides by a clearly defined electron-dense margin-perhaps a membrane. The ends of the tubes on the outer side of the body against the cytoplasm are without such a defined margin (PI. 5, fig. 6 ). Cross-sections of this fibrous structure indicate that the tubes are closely packed and circular in outline so that there are small inter-tubular spaces (PI. 5, fig. 7 ). Each tube is in contact with six neighbouring ones with a centre-to-centre distance of 45 mp. On the side of the nucleus opposite to that occupied by the presumptive refractive globule there is a large densely granular mass which has considerable lateral extension. In certain sections, in fact, the nucleus appears to be totally embedded in it. This granular mass is taken to correspond to the nuclear cap of the living zoospore (Fig. 4) . The nuclear cap, frequently reported for the zoospores of aquatic fungi, is generally assumed to represent a dense accumulation of ribosomal material (Blonde1 & Turian, 1960) .
Closely associated with the periphery of the nuclear cap and typically partially embedded in it are the mitochondria. Also associated with the periphery of the nuclear cap are occasional strands of endoplasmic reticulum and sometimes groups of small membrane-bounded electron-lucent regions. The nuclear cap is typically bounded from the cytoplasm by a definite double membrane (Pl. 3, fig. 4 ), and this is particularly apparent where the mitochondria abut on to it. In regions of the nuclear cap where the mitochondria1 investment is lacking, however, so too may be the nuclear cap membrane (Pl. 4, fig. 5 ). The general cytoplasm of the zoospore is a loosely packed region, mottled in appearance. Embedded in it are Golgi dictyosomes, membranebounded dark granules and occasional short profiles of endoplasmic reticulum. The
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enveloping cell membrane is a very thin electron-dense structure sometimes appearing as two fine lines (Pl. 4, fig. 5 ). Between the zoospores, and suspended in the spongy material discussed above, are the flagella. These are seen in longitudinal section in P1. 4, fig. 5 and in transverse section in PI. 5, fig. 8 . DISCUSSION Comparison of the fine structure of the mature sporangium of Nowakowskiella profusa with that of Rhizophlyctis rosea shows a common basic organization. Individual zoospores are distinguished together with their flagella, the whole compact structure being pervaded by the spongy ground material. In the case of N. profusa the disposition of this material in the dehiscence papilla region is especially interesting. It can be assumed that the dome of dense granular material observed capping it in the sections corresponds to the gelatinous plug material (Fig. 3) observed in living material. With the disappearance of this gelatinous plug material, which is diffluent, dehiscence ensues promptly. Clearly the zoospores emerge with (some even within) the spongy material of the papilla and their subsequent brief collective swarming before they finally disperse takes place in a vesicle transformed from it. Our observations then tend to suggest that the papillar material forming the physical basis for collective swarming is not some special tissue formed only in this region; rather it is merely an extension of similar material which is present throughout the whole sporangium.
In the mature sporangium of Rhizophlyctis rosea we reported a complex presumptive centriole described as ' extra-nuclear strands' immediately adjacent to the nucleus of the zoospore but in the present work with Nowakowskiella profusa no trace of any similar structure was observed. Instead we have to report another quite different and equally conspicuous structure closely associated with the nucleus (but separated from it by the refractive globule), namely the fibrous body. This is equated with the disc with grid substructure reported by Koch (1956) for zoospores of Chytridium sp. (Figs. 5, 6 ) from a study of shadowed electron-microscope preparations. Its possible function must be largely a matter for speculation, but since Koch demonstrated a rhizoplast thread joining it to the base of the flagellum, a connexion with the motility of the zoospore is strongly implied. In a search of the literature for anything similar, even remotely so, we have considered published figures of bands of cylindrical fibres connecting flagellar bases to the plastids in Prymnesium parvum (Manton & Leedale, 1963) , extensions of pharyngeal rods in Peranema trichophorum (Roth, 1959) , and the honeycomb membrane between the shell and the cytoplasm in Gromia oviformis (Hedley & Bertaud, 1962) . A mechanical function is implied in the first two instances. Such a possibility is attractive; it might partly explain the origin of the peculiarly jerky and erratic movements of the chytrid zoospore flagellum. However, we have been advised (A. V. Grimstone, personal communication) that a direct connexion with motility is unlikely and that our fibrous body is reminiscent of a brush border. Bearing in mind that receptor organelles are commonly formed from such surface membranes our attention has been directed to the b e structure of the rhabdom in the eye of the lobster (Rutherford & Horridge, 1965) . This consists of enormous numbers of microvillar tubules, 60-100 mp in diameter. Microvillar receptors are apparently widely encountered in the invertebrates. Their arrangement in dense arrays is probably to give a large surface area to the photoreceptor and it is generally assumed that the Koch (1958) that the refractive globule may have some direct role in the action of the flagellum, and from studies on Blastocladiella ernersonii (Blastocladiales) by Cantino & Lovett (1964) . The latter have observed that zoospores of this species which swim and eventually disintegrate without the possibility of encystment and growth do not suffer depletion of their refractive globules. Carbohydrate available in the zoospore rather than the lipid is therefore proposed as the energy source. A past observation of our own may also bear recapitulation : when N. profusa zoospores germinate on nutrient agar their refractive globule is not lost; rather it persists apparently unchanged. In this case, however, it must be borne in mind that soluble carbohydrate from the medium would clearly constitute a more readily available energy source than a lipid zoospore inclusion.
If the fibrous body in N. profusa is indeed a photoreceptor organelle its h e structure is of a much more definite and complex nature than the photoreceptor in Euglena spirogyra which is reported merely as a body of uniform electron density, except for some indication of fine striations (Leedale, Meeuse & Pringsheim, 1965) . A point of interest concerning the nuclear cap is its close investment by the mitochondria, as reported by Koch (1958 Koch ( , 1961 for a Nowakowskiella sp. (Fig. 6 ) and also by Turian & Kellenberger (1 956) for Allomyces macrogynus. The accentuation of membranes where the mitochondria are in direct contact with the nuclear cap (there are actually eight consecutive parallel membranes across a line of 83 mp in the rectangle marked in PI. 3, fig. 4 ) may be because of their importance in the intercellular translocation of small molecules (Frey-Wyssling, 1964) . Finally the membranebounded dark granules are noted. These figured in our account of Rhizophlyctis rosea and were previously reported by Blonde1 & Turian (1960) for A. rnacrogynus.
When our previous paper was written very few published studies on the fine structure of Phycomycete fungi were available. Studies by Cantino, Lovett, (1964) and Renaud & Swift (1964) must now be considered in any attempt to relate our findings to the development of the subject. It has already become commonplace to report the basic eucaryotic organelles such as membrane-bounded nuclei, mitochondria, etc., for these fungi. Accordingly, in the investigations cited above, emphasis has been placed on features of special interest, the uniqueness or otherwise of which it is difficult to evaluate at the present time. Cantino et al., for example, reported that in the zoospore of Blastocladiella emersonii there is a single huge mitochondrion attached by at least one banded rootlet to the flagellum. Chapman & VujiCiC, for Phytophthora erythroseptica, showed how the sporangium wall developed a prominent vesicular layer when the sporangium was destined to dehisce, but not when destined to germinate. Fuller & Reichle, with Rhizidiomyces apophysatus, selected the presence of two centrioles in the zoospore as an unexpected attribute; apparently the single flagellum developed from only one of these. They also drew attention to membranebounded groups of fibres which may be essential for the development of wall material 140
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as the naked reproductive cell encysts and begins to germinate. Goldstein et al., for Thraustochytrium aureum, described peculiar mitochondria with concentric membranes enclosing cristae-free regions. Finally Renaud & Swift, with Allomyces arbusculus, also demonstrated a paired centriole condition in the zoospore and made a detailed study of the ontogeny of the flagellum. In the present work with Nowakowskiellaprofusa, as in that on Rhizophlyctis rosea, some light has been thrown on the dehiscence mechanism in the Chytridiales and it seems unlikely that the dramatic preliminary fine structure changes reported for Phytophthora erythroseptica are involved. The extra-nuclear strands (centriole ?) observed in Rhizophlyctis rosea cannot be equated very readily with the structures seen in N. projiusa. The structural feature of special interest for the zoospore of N. profusa is the fibrous body; its true significance will only become apparent when studies on the fine structure and the biology of Phycomycete fungi are expanded further. Fig. 1 . Median transverse section of a mature sporangium of NowakowskieZla profusa. The zoospores are each associated with a nucleus and nuclear cap material and in some the fibrous body is visible. The flagella, cut longitudinally, transversely and obliquely are wrapped around each zoospore and lie outside the cell membranes along the cleavage spaces between them. Fragments of poorly preserved rhizoid material are embedded in the surrounding Cellophane substratum. x 11,000 (4000 x 2.75). P1. 7880.* PLATE 2 Fig. 2 . Section of a sporangium of N. profusa in the plane of a dehiscence papilla. x 4400 (2000 x 2.2). P1. 7885. Flagella ( F ) cut in longitudinal section are outside the cell membrane (cm). The crescent-shaped nucleus ( N ) lies above a membrane-bounded electron-lucent region, the presumptive refractive globule (Gp), and this in turn adjoins a concave plate of tubules, the fibrous body (Fb), sectioned longitudinally in this preparation. Above the nucleus is a zone of densely granular material, the nuclear cap (NC), and embedded in its periphery are the mitochondria ( M ) . Between the nuclear cap and the cell membrane is a cytoplasmic zone containing a few Golgi dictyosomes (D), some short profiles of endoplasmic reticulum (ER) and a few membrane-bounded dark granules (dg). This cytoplasmic zone has a mottled appearance. x 32,500 (10,000 x 3.25). P1. 2833.
PLATE 5
Figs. 6, 7. N. profusa. The fibrous body in longitudinal and transverse section, showing structural details. x 80,000 (40,000 x 2). P1. 7895, 7893. Fig. 8. N. profusa. Detail of transverse sections of flagella and their surrounding spongy ground material. x 60,000 (30,000 x 2). P1. 7897. * This and similar numbers attached to the figure explanations refer to the numbers of the photographic plates stored in the electron-microscope laboratory, Botany School, University of Melbourne.
